The EPA uses an exposure assessment model to estimate daily intake to chemicals of potential concern. At the Anaconda Superfund site-in Montana, the EPA exposure assessment model was used to predict total and speciated urinary arsenic concentrations. Predicted concentrations were then compared to concentrations measured in children living near the site. When site-specific information on concentrations of arsenic in soil, interior dust, and diet, site-specific ingestion rates, and arsenic absorption rates were used, measured and predicted urinary arsenic concentrations were in reasonable agreement. The central tendency exposure assessment model successfully described the measured urinary arsenic concentration for the majority of children at the site.
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The mandate of the Superfund program established under the Comprehensive Environmental Response, Compensation, and Liability Act of 1980 as amended in 1986 is to protect human health and the environment from current and potential threats posed by uncontrolled hazardous substance releases. To that end, the EPA developed a framework for evaluating and documenting public health threats at Superfund sites (1) . An integral step of this framework in evaluating and documenting public health threats is an exposure assessment. The exposure assessment is conducted to estimate the magnitude of actual or potential human exposure (1) . The model the EPA uses to estimate potential human exposure is presented in Risk Assessment Guidance for Superfind (1) .
In 1992, the EPA's Risk Assessment Council advocated that all risk assessments address or provide descriptions of 1) individual risk to include the central tendency and high end portions of the risk distribution, 2) important subgroups of the population such as highly exposed or highly susceptible groups or individuals, if known, and 3) population risk (2) .
To address these population descriptions, risk assessors develop a central tendency exposure (CTE) estimate and a reasonable maximum exposure (RME) estimate for populations potentially at risk.
The methodology used by the EPA to estimate risk has been criticized as being too conservative, i.e., the methodology overpredicts potential risks associated with chemicals present in environmental media at Superfund sites. The criticism is usually directed on the development of toxicity values, particularly the development of the cancer slope factors or the definition of acceptable risk (3) (4) (5) ; however, the assumptions used in the exposure assessment model have also been criticized as too conservative (6) .
While the EPA supports the use of sitespecific data in the exposure assessment model, scientifically sound site-specific data are rarely available to actually compare the assessment model results to measured biomarkers of exposure. However, at the Anaconda National Priorities List Site in Montana, the Atlantic Richfield Company (ARCO), the owner of the site, collected data that have contributed significantly to the characterization of human exposure. These data provide a unique opportunity to compare measured exposure data to modeled exposure predictions.
The Anaconda site is located in southwestern Montana at the southern end of Deer Lodge Valley. The population of the town is approximately 12 ,000. Copper concentrating and smelting operations began in the area around 1884 and continued until 1980. Smelting activities resulted in aerial deposition of material released from stacks and from waste piles in the vicinity of the smelter. Arsenic, lead, cadmium, copper, and zinc were released as smokestack particulates and fugitive dust emissions, contaminating the surrounding soil.
At the Anaconda, Montana, Superfund site, multiple studies have been conducted to assess site-specific exposure to arsenic. Hwang et al. (X measured arsenic levels in soil, interior dust, drinking water, and urine of children between the ages of 8 and 76 months. While the subjects in the urinary arsenic study were children, children are not considered a sensitive subpopulation to the adverse effects of arsenic. Children were selected because their exposure pathways could be more easily defined than the exposure pathways of adults. Freeman and co-workers experimentally determined the bioavailability of arsenic in soil and interior dust collected in Anaconda in both rabbits (8) and monkeys (9) . E.J. Calabrese (unpublished data) measured incidental soil ingestion in children living in Anaconda and arsenic concentrations in food, fecal samples, soil, and dust. This paper, which presents a comparison of results of these studies to the results of the exposure assessment model, confirms that measured urinary arsenic concentrations reasonably agree with the urinary arsenic concentrations predicted by the EPA's CTE assessment and that the RME assessment model identifies the upper percentiles of the exposed population. In addition, we discuss results from two sample collection methodologies for soil and interior dust and describe why one methodology is preferable to the other for data to be used in the EPA exposure assessment model. This paper presents a summary of the methods used, the results of the comparison of measured urinary arsenic concentrations to predicted urinary arsenic concentrations, and a discussion of the importance of scientifically sound site-specific data in evaluating human exposure at Superfund sites. Two of the three studies collected multiple data used in this comparison. Table 1 identifies the multiple data measured in these studies.
Methods
The comparison methodology assumes that the amount of arsenic excreted in urine is equal to the amount of arsenic absorbed from food, water, dust, and soil. Excretion of absorbed arsenic is mainly via the urine. Studies have shown that between 6 and 9% of ingested arsenic is eliminated in the feces, whereas 80% is excreted via urine in about 3 days (11) .
Urinary arsenic concentrations are indicative of recent arsenic exposure. The biologic half-life of ingested inorganic arsenic is about 10 hr, and that of methylated arsenic has been estimated at 30 hr. The biotransformation of inorganic arsenic to methylated species is thought to occur predominately in the liver. Kidney and lung tissue are also thought to contribute to the biotransformation of arsenic (12) . Total urinary arsenic is the measure of intake of all forms of arsenic, including organoarsenic compounds. Organoarsenicals are found in many foods, particularly seafood (13) . They are thought to be nontoxic and are generally excreted without metabolic transformation (14) Soil samples were composite samples taken from the first 2 cm of soil at each residential parcel. The areas sampled were perimeter soil, bare-area soil, garden-area soil, play-area soil, and if present, hard pack driving-or parking-area soil. All soil samples were sieved, and only soil passing through a 250-pm mesh sieve was analyzed. Arsenic was analyzed using energy dispersive X-ray spectrometry. Interior dust samples were collected using a low volume air sampler from three locations: an area adjacent to the main entrance, a floor area in the room used most by the subject child, and a floor area in the child's bedroom. Interior dust arsenic was analyzed using graphite furnace atomic absorption spectrometry (GFAAS). First-draw water samples were collected from the kitchen faucet for those residences with domestic wells and analyzed with GFAAS. Most of the subjects used municipal water.
Freeman study data collection methodology. Freeman homes during approximately the same time period using a different methodology, the methodologies could be compared. The trace elements measured in food, fecal material, soil, and dust were aluminum, silicon, titanium, chromium, yttrium, zirconium, lanthanum, cerium, and neodymium. Arsenic was also measured in each sample. Inductively coupled plasma-atomic emission spectrometry was used for analysis of silicon, titanium, aluminum, yttrium, and zirconium. Inductively coupled plasma-mass spectrometry was used for analysis of chromium, lanthanum, cerium, neodymium, yttrium, and arsenic.
Two methodologies were used to estimate incidental soil ingestion. The first method, known as the "best single tracer methodology," identifies the trace element with the lowest food/soil ratio for each child and then uses that tracer to estimate soil ingestion (10) . The second method uses the median of four best tracers with the lowest food/soil ratio for each child to estimate soil ingestion.
EPA exposure assessment model The EPA exposure assessment model was used to estimate daily absorption of arsenic from soil, interior dust, water, and food (when estimating total arsenic exposure).
Absorption was estimated as milligrams of arsenic per day. Site-specific data were used in the model when they were available. 'Where site-specific data were unavailable, standard EPA default assumptions were used to quantify intakes (1, 16 BAFW is the bioavailability of water; and AT is the averaging time. See Table 2 for further information and the assumed values used to estimate both CTE and RME daily absorption. Site-specific data used in the exposure assessment model are indicated.
To allow comparison of estimated daily absorption in milligrams per day to measured urinary arsenic levels in micrograms per liter, the following formula was used: EXC = ABS x CFabs RATEx CFexc (2) EXC is the urinary AS excreted; CFabs is the conversion factor for micrograms to milligrams; R4TE is the estimate urinary output per day for a given age (months); and CFCxc is the conversion factor from milliliters to liters.
Statistics. Arithmetic and geometric means and standard deviations (SDs) were calculated for all comparisons. The Student's t-test was used to compare paired measured speciated and total urinary arsenic to predicted speciated and total urinary arsenic. The Kruskal-Wallis test was used to determine if the populations were the same when the data were not Examples of the differences between individual household soil and dust arsenic concentrations are presented in Table 4 . Table  4 also presents the average soil and dust concentrations for each study. Forty-six of the children included in the study used domestic wells as the household water supply. Arsenic concentrations in well water ranged from 1.1 to 9.9 pg/l. Arsenic was not detected in the municipal water supply. The detection limit was 1.0 pg/l.
Freeman study results. Bioavailability is defined as the fraction of the amount of arsenic in the system after oral dosing compared to the amount of arsenic in the system after intravenous administration adjusted for the difference in the size of the dose. The mean absolute bioavailability of arsenic estimated from urine arsenic concentrations in cynomolgus monkeys was 91%, 18.3%, and 25.8% for gavage, soil, and dust, respectively. The study demonstrated that the absorption of arsenic from soil and dust was significantly less than the absorption of soluble arsenic from water and provided support for site-specific adjustments in arsenic bioavailability at the Anaconda site.
Calabrese study results. Using the best single tracer methodology, the median soil and dust ingestion rate for 64 children living in Anaconda was 51 mg/day, the mean ingestion rate was 117 mg/day, and the 90th percentile was 277 mg/day. The range was 0-899 mg/day. The "four best tracers" methodology resulted in a median ingestion rate of 39 mg/day, a mean ingestion rate of 83 mg/day, and a 90th percentile rate of 273 mg/day. The range was 0-515 mg/day. The findings of the Anaconda soil and dust ingestion study support the Superfund Program's default assumption of 100 mg/day as the CTE assumption for children 0-6 years of age.
The ingestion rate includes ingestion of both soil and interior dust. The EPA assumption for relative contribution of the two media are 55% from indoor dust and 45% from soil. The average arsenic soil and interior dust concentrations are presented in Table 4 .
Arsenic in the daily food samples from the subset of 30 children was 0.00705 ± 0.0065 mg/day (mean ± SD). All children over 18 months of age were assumed to eat solid food.
Exposure assessment results. Speciated and total urinary arsenic concentrations were predicted for each child using the EPA exposure assessment equation, the CTE and RME assumptions presented in Table 2 , arsenic concentrations from soil and interior dust for each individual child's exposure unit, the site-specific bioavailability for soil and dust, and the estimated daily urinary output. The soil and interior dust concentrations used were from Hwang et al. (7) .
Comparison ofpredicted and measured urinary arsenic concentrations. Table 3 presents the median, the arithmetic and geometric means, and the arithmetic and geometric SDs for both total and speciated measured urinary arsenic concentrations and the total and speciated urinary arsenic concentrations predicted using the CTE assessment model. Figure 1 presents the measured speciated urinary arsenic concentrations for 366 children between the ages of 8 and 76 months and the CTE predicted speciated urinary arsenic concentrations for 374 children who lived in residences where environmental media arsenic concentrations were available. Measured and predicted urinary arsenic concentrations were sorted separately and plotted from lowest to highest urinary arsenic concentration. Figure 1 shows reasonable agreement between the two populations.
Kruskal-Wallis one-way analysis of variance (ANOVA) demonstrated that the populations from which the measured and predicted data sets were drawn have the same mean. For measured urinary arsenic concentrations, as reflected in urinary arsenic values below 17 pg/I, the CTE-predicted estimates reproduce measured arsenic concentrations well, with a paired 2-tailed Student's t-test probability of 0.85 for the speciated urinary arsenic comparison. The remaining 50 children, or 13.6% of the population, have speciated urinary arsenic concentrations underpredicted by the CTE assessment model. Table 5 presents measured, CTE-predicted, and RME-predicted urinary arsenic concentrations for different cumulative population percentiles. Concentrations predicted by the CTE assessment model were similar to measured urinary arsenic concentrations. The RME assessment model, designed to identify the 90th-98th cumulative percentile of the population, overpredicted urinary arsenic concentration for the majority of the population, but predicted the 98.9 cumulative percentile, demonstrating that the RME assessment model performed as designed.
Discussion
The results of this comparison demonstrate that the urinary arsenic concentrations predicted by the EPA CTE assessment model reasonably agree with measured urinary arsenic concentration (accepted biomarkers of recent arsenic exposure). The results also demonstrate that the most exposed or highend population is identified using the Cl, 95% confidence interval; CTE, central tendency exposure; RME, reasonable maximum exposure. RME assessment model. This comparison indicates that the EPA exposure models can reasonably predict central tendency and high-end exposures, provided that site-specific data which adequately characterize the exposure pathways present at the site have been collected. For example, if the EPA's standard default assumption of 100% bioavailability of arsenic from soil and dust were used (18, 19) , the model estimates would have overpredicted exposure at the site by 200%. In the comparison, variations were observed between measured and predicted urinary arsenic concentrations for each individual child; however, these variations were expected. Differences in behavior, the contaminated media contacted, and physiological parameters that influence toxicokinetics of arsenic are all plausible explanations for variability between measured and predicted urinary arsenic concentrations for an individual. Significant factors identified in this comparison that effect variability include soil ingestion rate, the exposure unit, dust versus soil ratio, urinary volumes, arsenic concentration in food, and the soil and dust data collection methods. Each factor is discussed below.
The findings of the site-specific soil ingestion rate data collected by Calabrese support the EPA default soil ingestion assumptions based on arithmetic means. There is some controversy concerning whether the arithmetic mean or median is the most appropriate statistical indicator of soil ingestion. The American Industrial Health Council uses the median soil ingestion value (20) , whereas the EPA has made a policy decision to use the arithmetic mean (21) . This comparison demonstrates that the arithmetic mean is appropriate for use as the predictor of exposure. If the median value were used for this comparison, predicted urinary arsenic concentrations would be approximately one-half the concentration presented in Table 4 and the modeled population would no longer be representative of the measured population.
While 12 and 36 months is 500-600 ml/day, between the ages of 37 and 60 months is 600-700 ml/day, and between the ages of 61 and 96 months is 650-1,000 ml/day (24) . The site-specific urinary arsenic study measured urine volume for a subset of 25 children at 240 ml/day for children under 36 months; 355 ml/day for children between 36 and 60 months; and 432 mI/day for children greater than 60 months of age. When the mid-range literature value for daily urine volume was used, the CTE assessment model underpredicted approximately 30% of the population urinary arsenic excretion.
Individual variability between measured and predicted urinary arsenic concentrations was much greater for total urinary arsenic than for speciated urinary arsenic. Total urinary arsenic is expected to reflect both ingestion of inorganic arsenic from the environment and organic arsenicals found in food. Fish and shellfish are often high in organic arsenicals. The arsenic concentration of food was measured for a subset of the population. The resulting estimate of arsenic ingestion from food was 0.0075 ± 0.0065 mg/day. The ages of the children were not provided by the primary researchers and could not be included in evaluating arsenic uptake from food. Because arsenic ingestion from food was assumed to be the same for all children, predicted total urinary arsenic concentrations had a much higher degree of variability when compared to measured total urinary arsenic concentrations than to measured and predicted speciated urinary arsenic concentrations.
For future exposure assessments to generate similar comparability between measured and predicted urinary arsenic concentrations, the soil and dust sample collection methods used by Hwang et al. (7) (26) . For a small subset of the population, soil and dust samples were collected from the same residences using two different methodologies. The methodology of Hwang et al. () focused on collecting samples containing the smaller particle sizes. In the Hwang study, interior dust was collected using a low-volume air sampler (7), whereas dust samples in the Calabrese study were collected using a commercial vacuum cleaner (10) . Low-volume air sampling is expected to collect smaller particles. The Hwang method of soil sample collection resulted in analysis of particles sieved through a 250-jim screen, small particles that are expected to be more representative of the soil arsenic concentrations to which children are exposed. Because arsenic concentrations are higher in smaller particle sizes and smaller particles make up the majority of exposure, methods that measure arsenic concentrations in smaller particle sizes are the most appropriate methods when evaluating exposure pathways.
Conclusions
The EPA exposure assessment model is a reasonable model for predicting exposure to chemicals present in environmental media at Superfund sites. This comparison has demonstrated that when exposure pathways at a site are adequately characterized, arsenic exposures predicted by the EPA exposure assessment model reasonably agree with those actually measured at the site.
For Superfund baseline risk assessments, the EPA uses the results of the exposure assessment model and a peer-reviewed toxicity value to estimate potential risks. The toxicity value developed for arsenic is a cancer slope factor of 1.75 (mg/kg/day)'1.
If default values had been used in the CTE and RME exposure assessment models for this site, the resulting potential cancer risks would have been predicted to be 1.7 x 10-4 and 8.5 x 10-5, respectively. Instead, by incorporating the site-specific data in the exposure assessment models, the resulting risks were 4.0 x 10-5 and 1.9 x 10-5. The use of site-specific data in the risk assessment allowed focused cleanup in fewer areas of the community, resulting in a more cost efficient remediation while being protective of human health.
